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inducing, during a lisiening scan of a sense
- array, an mjected touch ataknown | <—gnR
location on the sense array

computing an estimate of a noise metric  §
based on the injected touch - 310

- receiving the injected touch at an internal §
porfion of a receiving cireuit L —815

B e e ]

processing the data of the injected touch in §

- an equivalent signal path to touch data

: fronm a touch proximale the sense array 2‘"“820
- present during the touch scan of the sense § '

E array

- selecting a stimulus signal from a plurality §
- of shimulus signals for the touch scan §77._ g0
based on the noise metric
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INJECTED TOUCH NOISE ANALYSIS

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional

Application No. 61/840,655, filed Jun. 28, 2013, and U.S.
Provisional Application No. 61/861,192, filed Aug. 1, 2013,
which are hereby incorporated herein by reference 1n their
entirety.

TECHNICAL FIELD

The present disclosure relates generally to sensing sys-
tems, and more particularly to capacitance-sensing systems
configurable to determine touch locations of touches on the
capacitance-sensing systems.

BACKGROUND

Capacitance sensing systems can sense electrical signals
generated on electrodes that retlect changes 1n capacitance.
Such changes in capacitance can indicate a touch event (1.e.,
the proximity of an object to particular electrodes). Capaci-
tive sense elements may be used to replace mechanical but-
tons, knobs and other similar mechanical user interface con-
trols. The use of a capacitive sense element allows for the
climination of complicated mechanical switches and buttons,
providing reliable operation under harsh conditions. In addi-
tion, capacitive sense elements are widely used 1n modern
customer applications, providing user interface options 1n
existing products. Capacitive sense elements can range from
a single button to a large number arranged in the form of a
capacitive sense array for a touch-sensing surface.

Transparent touch screens that utilize capacitive sense
arrays are ubiquitous 1n today’s industrial and consumer mar-
kets. They can be found on cellular phones, GPS devices,
set-top boxes, cameras, computer screens, MP3 players, digi-
tal tablets, and the like. The capacitive sense arrays work by
measuring the capacitance of a capacitive sense element, and
looking for a delta 1n capacitance indicating a touch or pres-
ence of a conductive object. When a conductive object (e.g.,
a finger, hand, or other object) comes 1nto contact or close
proximity with a capacitive sense element, the capacitance
changes and the conductive object 1s detected. The capaci-
tance changes of the capacitive touch sense elements can be
measured by an electrical circuit. The electrical circuit con-
verts the measured capacitances of the capacitive sense ele-
ments mto digital values.

There are two typical types of capacitance: 1) mutual
capacitance where the capacitance-sensing circuit has access
to both electrodes of the capacitor; 2) self-capacitance where
the capacitance-sensing circuit has only access to one elec-
trode of the capacitor where the second electrode 1s tied to a
DC voltage level or 1s parasitically coupled to Earth Ground.
A touch panel has a distributed load of capacitance of both
types (1) and (2) and some touch solutions sense both capaci-
tances either umiquely or 1n hybrid form with 1ts various sense
modes.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention 1s illustrated by way of example, and
not of limitation, in the figures of the accompanying draw-
ngs.

FI1G. 1 1s a block diagram 1llustrating an embodiment of an
clectronic system that processes touch data.
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FIG. 2 1s a block diagram 1llustrating an embodiment of an
clectronic system that processes touch data.

FIG. 3 illustrates an embodiment of a capacitive-sense
touch-sensing system according to one embodiment.

FIG. 4 1llustrates a capacitive sensing system coupled to a
noise source, according to one embodiment.

FIG. § 1s an illustration of a scanning sequence, according,
to one embodiment.

FIG. 6 1s an example of cells of a sense array, according to
one embodiment.

FIG. 7 1s a block diagram 1illustrating another embodiment
of an electronic system that processes touch data.

FIG. 8 1s a flowchart of a method 1llustrating detection of a
touch, according to one embodiment.

FIG. 9 1s a flowchart of a method illustrating frequency
hopping, according to one embodiment.

FIG. 10 1s a flowchart of a method 1llustrating auto fre-
quency hopping (AFH), according to one embodiment.

FIG. 11 1s a flowchart of a method 1llustrating auto fre-
quency hopping (AFH), according to another embodiment.

FIG. 12A 1s an 1llustration of a noise metric, according to
one embodiment.

FIG. 12B 1s an illustration of a noise metric, according to
another embodiment.

FIG. 13 A 1s anillustration of noise metric measurements at
multiple frequencies, according to one embodiment.

FIG. 13B 1s an 1illustration of multiple noise metrics,
according to another embodiment.

FIG. 14 15 a flowchart of a method 1llustrating smart fre-
quency selection (SFS), according to one embodiment.

FIG. 15 1s a flowchart of a method 1llustrating auto fre-
quency hopping (AFH) implementing a counter, according to
another embodiment.

FIG. 16 1s a flowchart of a method 1llustrating auto fre-
quency hopping (AFH) implementing a counter, according to
another embodiment.

FIG. 17 1s a flowchart of a method 1llustrating the genera-
tion of a look up table, according to one embodiment.

DETAILED DESCRIPTION

In the following description, for purposes of explanation,
numerous specific details are set forth in order to provide a
thorough understanding of the present invention. It will be
evident, however, to one skilled 1n the art that the present
invention may be practiced without these specific details. In
other instances, well-known circuits, structures, and tech-
niques are not shown 1n detail, but rather 1n a block diagram
in order to avoid unnecessarily obscuring an understanding of
this description.

Reference in the description to “one embodiment”™ or “an
embodiment” means that a particular feature, structure, or
characteristic described 1n connection with the embodiment
1s included 1n at least one embodiment of the invention. The
phrase “in one embodiment” located 1n various places 1n this
description does not necessarily refer to the same embodi-
ment.

In electronic recervers, such as 1n a touch sensor system,
noise may be coupled into the receiving system, resulting in
corrupt measurements. In a touch sensor system, noise may
be coupled from a conductive object, such as a finger, to the
touch system sensor resulting in large errors in computed
finger positions. The embodiments described herein are
directed at inducing an 1njected touch to produce similar data
as would be present during a touch scan of a sense array with
a conductive object, such as finger, being disposed on the
sense array, and computing a noise metric based on the
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injected touch. By computing a noise metric based on an
injected touch a touch sensor system may be tuned to operate
at frequencies that reject the noise. By inducing an injected
touch, the embodiments described herein can provide an
improved system that may accurately measure noise and
cifectively reject the noise. The embodiments described
herein may provide an mmproved system that reduces the
deleterious efiects ol noise on measurement 1n a transmit and
receive system. Alternatively, other advantages may be
achieved.

FI1G. 1 1s a block diagram 1llustrating an embodiment of an
clectronic system that processes touch data. FIG. 1 illustrates
an electronic system 100 including a processing device 110
that may be configured to measure capacitances from a touch-
sensing surface 116 including a sense array 121 (e.g., capaci-
tive-sense array) with Listening Scan Tool 120. In one
embodiment, a multiplexer circuit may be used to connect a
capacitance-sensing circuit 101 with a sense array 121. The
clectronic system 100 includes a touch-sensing surface 116
(e.g., atouchscreen, or a touch pad) coupled to the processing
device 110, which 1s coupled to a host 150. In one embodi-
ment the touch-sensing surface 116 1s a two-dimensional
sense array 121 that uses processing device 110 to detect
touches on the surface 116.

In one embodiment, listening scan tool 120 may induce,
during a listening scan (1.e., metric scans) of a sense array, an
injected touch to produce similar data as would be present
during a touch scan of the sense array. Listening scan tool 120
may compute, using the data, an estimate of a noise metric
based on the injected touch; the noise metric mndicative of
noise characteristics of noise on the sense array. In one
embodiment, listening scan tool 120 performs a listening scan
while the transmission signal 1s turned off. When the trans-
mission signal 1s turned off, listening scan tool 120 may be
able to better detect environmental noise.

In another embodiment, listening scan tool 120 performs a
listening scan for a plurality of frequencies and generates
noise metrics for each frequency. Listening scantool 120 may
select a stimulus signal (TX signal) from a plurality of stimu-
lus signals for a touch scan based on the different noise
metrics. In one embodiment, listening scan tool 120 selects a
transmission frequency for which a noise metric indicates a
mimmum noise response. Additional details of listening scan
tool 120 are described 1n more detail with respect to FIGS.
4-11B.

In one embodiment, the sense array 121 includes elec-
trodes 122(1)-122(N) (where N 1s a positive integer) that are
disposed as a two-dimensional matrix (also referred to as an
XY matrnix). The sense array 121 1s coupled to pins 113(1)-
113(N) of the processing device 110 via one or more analog
buses 115 transporting multiple signals. In sense array 121,
the first three electrodes (i1.e., electrodes 122(1)-(3)) are con-
nected to capacitance-sensing circuit 101 and to ground, 1llus-
trating a self-capacitance configuration. The last electrode
(1.e., 122(N)) has both terminals connected to capacitance-
sensing circuit 101, 1llustrating a mutual capacitance configu-
ration. In an alternative embodiment without an analog bus,
cach pin may instead be connected eirther to a circuit that
generates a transmit (1X) signal or to an individual receive
(RX) sensor circuit. The sense array 121 may include a multi-
dimension capacitive sense array. The multi-dimension sense
array includes multiple sense elements, organized as rows
and columns. In another embodiment, the sense array 121
operates as an all-points-addressable (“APA”) mutual capaci-
tive sense array. The sense array 121 may be disposed to have
a flat surface profile. Alternatively, the sense array 121 may
have non-tlat surface profiles. Alternatively, other configura-
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tions of capacitive sense arrays may be used. For example,
instead of vertical columns and horizontal rows, the sense
array 121 may have a hexagon arrangement, or the like. In one
embodiment, the sense array 121 may be included in an
indium tin oxide (ITO) panel or a touch screen panel. In one
embodiment, sense array 121 1s a capacitive sense array. In
another embodiment, the sense array 121 1s non-transparent
capacitive sense array (e.g., PC touchpad).

In one embodiment, the capacitance-sensing circuit 101
may include a relaxation oscillator or other means to convert
a capacitance into ameasured value. The capacitance-sensing
circuit 101 may also include a counter or timer to measure the
oscillator output. The processing device 110 may further
include software components to convert the count value (e.g.,
capacitance value) into a touch detection decision (also
referred to as switch detection decision) or relative magni-
tude. It should be noted that there are various known methods
for measuring capacitance, such as current versus voltage
phase shift measurement, resistor-capacitor charge timing,
capacitive bridge divider, charge transier, successive approxi-
mation, sigma-delta modulators, charge-accumulation cir-
cuits, field effect, mutual capacitance, frequency shift, or
other capacitance measurement algorithms. It should be
noted however, instead of evaluating the raw counts relative to
a threshold, the capacitance-sensing circuit 101 may be evalu-
ating other measurements to determine the user interaction.
For example, 1n the capacitance-sensing circuit 101 having a
sigma-delta modulator, the capacitance-sensing circuit 101 1s
evaluating the ratio of pulse widths of the output (1.¢., density
domain), mnstead of the raw counts being over or under a
certain threshold.

In another embodiment, the capacitance-sensing circuit
101 includes a TX signal generator to generate a TX signal
(e.g., stimulus signal) to be applied to the TX electrode and a
receiver (also referred to as a sensing channel), such as an
integrator, coupled to measure an RX signal on the RX elec-
trode. In a further embodiment, the capacitance-sensing cir-
cuit 101 includes an analog-to-digital converter (ADC)
coupled to an output of the recerver to convert the measured
RX signal to a digital value. The digital value can be further
processed by the processing device 110, the host 150 or both.

The processing device 110 1s configured to detect one or
more touches on a touch-sensing device, such as the sense
array 121. The processing device can detect conductive
objects, such as touch objects 140 (fingers or passive styluses,
an active stylus, or any combination thereof). The capaci-
tance-sensing circuit 101 can measure a touch data on the
sense array 121. The touch data may be represented as mul-
tiple cells, each cell representing an intersection of sense
clements (e.g., electrodes) of the sense array 121. The capaci-
tive sense elements are electrodes of conductive matenal,
such as copper, silver, indium tin oxide (ITO), metal mesh,
carbon nanotubes, or the like. The sense elements may also be
part of an ITO panel. The capacitive sense elements can be
used to allow the capacitance-sensing circuit 101 to measure
self-capacitance, mutual capacitance, or any combination
thereof. In another embodiment, the touch data measured by
the capacitance-sensing circuit 101 can be processed by the
processing device 110 to generate a 2D capacitive image of
the capacitive-sense array 121. In one embodiment, when the
capacitance-sensing circuit 101 measures mutual capacitance
of the touch-sensing device (e.g., capacitive-sense array 121),
the capacitance-sensing circuit 101 determines a 2D capaci-
tive 1image of the touch-sensing object on the touch surface
and processes the data for peaks and positional information.
In another embodiment, the processing device 110 1s a micro-
controller that obtains a capacitance touch signal data set,
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such as from a sense array, and finger detection firmware
executing on the microcontroller identifies data set areas that
indicate touches, detects and processes peaks, calculates the
coordinates, or any combination therefore. The firmware can
calculate a precise coordinate for the resulting peaks. In one
embodiment, the firmware can calculate the precise coordi-
nates for the resulting peaks using a centroid algorithm,
which calculates a centroid of the touch, the centroid being a
center of mass of the touch. The centroid may be an X/Y
coordinate of the touch. Alternatively, other coordinate inter-
polation algorithms may be used to determine the coordinates
of the resulting peaks. The microcontroller can report the
precise coordinates to a host processor, as well as other 1nfor-
mation.

In one embodiment, the processing device 110 further
includes processing logic 102. Some or all of the operations
of the processing logic 102 may be implemented 1n firmware,
hardware, or software or some combination thereot. The pro-
cessing logic 102 may recerve signals from the capacitance-
sensing circuit 101, and determine the state of the sense array
121, such as whether an object (e.g., a finger) 1s detected on or
in proximity to the sense array 121 (e.g., determining the
presence ol the object), resolve where the object 1s on the
sense array (e.g., determining the location of the object),
tracking the motion of the object, or other information related
to an object detected at the touch sensor. In another embodi-
ment, processing logic 102 may include capacitance sensing,
circuit 101.

In another embodiment, 1nstead of performing the opera-
tions of the processing logic 102 1n the processing device 110,
the processing device 110 may send the raw data or partially-
processed data to the host 150. The host 150, as 1llustrated in
FIG. 1, may include decision logic 151 that performs some or
all of the operations of the processing logic 102. Operations
of the decision logic 151 may be implemented in firmware,
hardware, software, or a combination thereof. The host 150
may include a high-level Application Programming Interface
(API) 1in applications 152 that perform routines on the
received data, such as compensating for sensitivity differ-
ences, other compensation algorithms, baseline update rou-
tines, start-up and/or initialization routines, interpolation
operations, or scaling operations. The operations described
with respect to the processing logic 102 may be implemented
in the decision logic 151, the applications 152, or 1n other
hardware, software, and/or firmware external to the process-
ing device 110. In some other embodiments, the processing
device 110 1s the host 150.

In another embodiment, the processing device 110 may
also include a non-sensing actions block 103. This block 103
may be used to process and/or recerve/transmit data to and
from the host 150. For example, additional components may
be implemented to operate with the processing device 110
along with the sense array 121 (e.g., keyboard, keypad,
mouse, trackball, LEDs, displays, or other peripheral
devices).

Asillustrated, capacitance-sensing circuit 101 may be inte-
grated into processing device 110. Capacitance-sensing cir-
cuit 101 may include an analog I/O for coupling to an external
component, such as touch-sensor pad (not shown), sense
array 121, touch-sensor slider (not shown), touch-sensor but-
tons (not shown), and/or other devices. The capacitance-sens-
ing circuit 101 may be configurable to measure capacitance
using mutual-capacitance sensing techniques, self-capaci-
tance sensing technique, charge coupling techniques, combi-
nations thereot, or the like. In one embodiment, capacitance-
sensing circuit 101 operates using a charge accumulation
circuit, a capacitance modulation circuit, or other capacitance
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sensing methods known by those skilled 1n the art. In an
embodiment, the capacitance-sensing circuit 101 1s of the
Cypress TMA-3xx, TMA-4xx, or TMA-xx families of touch
screen controllers. Alternatively, other capacitance-sensing
circuits may be used. The mutual capacitive sense arrays, or
touch screens, as described herein, may include a transparent,
conductive sense array disposed on, in, or under either a
visual display itself (e.g. LCD monitor), or a transparent
substrate 1n front of the display. In an embodiment, the TX
and RX electrodes are configured in rows and columns,
respectively. It should be noted that the rows and columns of
clectrodes can be configured as TX or RX electrodes by the
capacitance-sensing circuit 101 in any chosen combination.
In one embodiment, the TX and RX electrodes of the sense
array 121 are configurable to operate as TX and RX elec-
trodes ol a mutual capacitive sense array in a first mode to
detect touch objects, and to operate as electrodes of a
coupled-charge recerver in a second mode to detect a stylus on
the same electrodes of the sense array. The stylus, which
generates a stylus TX signal when activated, 1s used to couple
charge to the capacitive sense array, instead of measuring a
mutual capacitance at an 1ntersection of an RX electrode and
a'TX electrode (including one or more sense element) as done
during mutual-capacitance sensing. An intersection between
two sense elements may be understood as a location at which
one sense electrode crosses over or overlaps another, while
maintaining galvanic 1solation from each other. The capaci-
tance associated with the intersection between a TX electrode
and an RX electrode can be sensed by selecting every avail-
able combination of TX electrode and RX electrode. When a
touch object (1.e., conductive object), such as a finger or
stylus, approaches the sense array 121, the touch object
causes a decrease 1n mutual capacitance between some of the
TX/RX electrodes. In another embodiment, the presence of a
finger increases the coupling capacitance of the electrodes.
Thus, the location of the finger on the sense array 121 can be
determined by identifying the RX electrode having a
decreased coupling capacitance between the RX electrode
and the TX electrode to which the TX signal was applied at
the time the decreased capacitance was measured on the RX
clectrode. Therefore, by sequentially determining the capaci-
tances associated with the intersection of electrodes, the loca-
tions of one or more 1nputs can be determined. It should be
noted that the process can calibrate the sense elements (inter-
sections of RX and TX electrodes) by determining baselines
for the sense elements. It should also be noted that interpola-
tion may be used to detect finger position at better resolutions
than the row/column pitch as would be appreciated by one of
ordinary skill in the art. In addition, various types of coordi-
nate interpolation algorithms may be used to detect the center
of the touch as would be appreciated by one of ordinary skill
in the art.

It should also be noted that the embodiments described
herein are not limited to having a configuration of a process-
ing device coupled to a host, but may include a system that
measures the capacitance on the sensing device and sends the
raw data to a host computer where 1t 1s analyzed by an appli-
cation. In effect, the processing that 1s done by processing
device 110 may also be done 1n the host.

Theprocessing device 110 may reside on a common carrier
substrate such as, for example, an 1integrated circuit (IC) die
substrate, or a multi-chip module substrate. Alternatively, the
components of the processing device 110 may be one or more
separate integrated circuits and/or discrete components. In
one embodiment, the processing device 110 may be the Pro-
grammable System on a Chip (PSoC®) processing device,
developed by Cypress Semiconductor Corporation, San Jose,
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Calif. Alternatively, the processing device 110 may be one or
more other processing devices known by those of ordinary
skill 1n the art, such as a microprocessor or central processing
unit, a controller, special-purpose processor, digital signal
processor (DSP), an application specific integrated circuit
(ASIC), a field programmable gate array (FPGA), or other
programmable device. In an alternative embodiment, for
example, the processing device 110 may be a network pro-
cessor having multiple processors including a core unit and
multiple micro-engines. Additionally, the processing device
110 may include any combination of general-purpose pro-
cessing device(s) and special-purpose processing device(s).

Capacitance-sensing circuit 101 may be integrated into the
IC of the processing device 110, or alternatively, 1n a separate
IC. Alternatively, descriptions of capacitance-sensing circuit
101 may be generated and compiled for incorporation into
other integrated circuits. For example, behavioral level code
describing the capacitance-sensing circuit 101, or portions
thereol, may be generated using a hardware descriptive lan-
guage, such as VHDL or Verilog, and stored to a machine-
accessible medium (e.g., CD-ROM, hard disk, floppy disk,
etc.). Furthermore, the behavioral level code can be compiled
into register transier level (“RTL”) code, a netlist, or even a
circuit layout and stored to a machine-accessible medium.
The behavioral level code, the RTL code, the netlist, and the
circuit layout may represent various levels of abstraction to
describe capacitance-sensing circuit 101.

It should be noted that the components of electronic system
100 may include all the components described above. Alter-
natively, electronic system 100 may include some of the
components described above.

In one embodiment, the electronic system 100 1s used 1n a
tablet computer. Alternatively, the electronic device may be
used 1n other applications, such as a notebook computer, a
mobile handset, a personal data assistant (“PDA™), a key-
board, a television, a remote control, a monitor, a handheld
multi-media device, a handheld media (audio and/or video)
player, a handheld gaming device, a signature input device for
point of sale transactions, an eBook reader, global position
system (“GPS”) or a control panel, among others. The
embodiments described herein are not limited to touch
screens or touch-sensor pads for notebook implementations,
but can be used 1n other capacitive sensing implementations,
for example, the sensing device may be a touch-sensor slider
(not shown) or touch-sensor buttons (e.g., capacitance sens-
ing buttons). In one embodiment, these sensing devices
include one or more capacitive sensors or other types of
capacitance-sensing circuitry. The operations described
herein are not limited to notebook pointer operations, but can
include other operations, such as lighting control (dimmer),
volume control, graphic equalizer control, speed control, or
other control operations requiring gradual or discrete adjust-
ments. It should also be noted that these embodiments of
capacitive sensing implementations may be used in conjunc-
tion with non-capacitive sensing elements, including but not
limited to pick buttons, sliders (ex. display brightness and
contrast), scroll-wheels, multi-media control (ex. volume,
track advance, etc.) handwriting recognition, and numeric
keypad operation.

FI1G. 2 1s a block diagram 1llustrating an embodiment of an
clectronic system that processes touch data. Electronic sys-
tem 200 includes sense array 121 composed of orthogonal
clectrodes and a capacitance-sensing circuit 101 that converts
changes 1n measured capacitances to coordinates indicating
the presence and location of touch. In one embodiment, the
capacitance-sensing circuit 101 may measure mutual capaci-
tances for intersections between transmit and receive elec-
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trodes 1n the sense array 121. The touch coordinates are
calculated based on changes in the measured capacitances
relative to the capacitances of sense array 121 1 an un-
touched state. Sense array 121 includes a matrix 225 of NxM
clectrodes (N receive electrodes and M transmit electrodes),
which further includes transmit (1X) electrode 222 and
receive (RX) electrode 223. Each of the electrodes 1n matrix
225 1s connected with capacitance sensing circuit 101
through demultiplexer 212 and multiplexer 213.

Capacitance-sensing circuit 101 includes multiplexer con-
trol 211, demultiplexer 212, multiplexer 213, clock generator
214, signal generator 215, demodulation circuit 216, and
analog to digital converter (ADC) 217. ADC 217 i1s further
coupled with touch coordinate converter 218. Touch coordi-
nate converter 218 may be implemented 1n the processing
logic 102.

Transmit and receive electrodes 1n the electrode matrix 225
may be arranged so that each of the transmit electrodes over-
lap and cross each of the recerve electrodes to form an array of
intersections, while maintaining galvanic 1solation from each
other. Thus, each transmit electrode may be capacitively
coupled with each of the recerve electrodes. For example,
transmit electrode 222 1s capacitively coupled with receive
clectrode 223 at the point where transmit electrode 222 and
receive electrode 223 overlap.

Clock generator 214 supplies a clock signal to signal gen-
erator 215, which produces a TX signal 224 to be supplied to
the transmit electrodes of sense array 121. In one embodi-
ment, the signal generator 215 includes a set of switches that
operate according to the clock signal from clock generator
214. The switches may generate a TX signal 224 by periodi-
cally connecting the output of signal generator 215 to a first
voltage and then to a second voltage, wherein the first and
second voltages are diflerent.

The output of signal generator 215 i1s connected with
demultiplexer 212, which allows the TX signal 224 to be
applied to any of the M transmit electrodes of sense array 121.
In one embodiment, multiplexer control 211 controls demul-
tiplexer 212 so that the TX signal 224 i1s applied to each
transmit electrode 222 in a controlled sequence. Demulti-
plexer 212 may also be used to ground, float, or connect an
alternate signal to the other transmit electrodes to which the
TX signal 224 1s not currently being applied. In an alternate
embodiment the TX signal 224 may be presented in a true
form to a subset of the transmuit electrodes 222 and 1n comple-
ment form to a second subset of the transmait electrodes 222,
wherein there 1s no overlap in members of the first and second
subset of transmit electrodes 222.

Because of the capacitive coupling between transmit and
receive electrodes, the TX signal 224 applied to each transmit
clectrode 1induces a current within each of the receive elec-
trodes. For instance, when the TX signal 224 1s applied to
transmit electrode 222 through demultiplexer 212, the TX
signal 224 induces an RX signal 227 on the receive electrodes
in matrix 225. The RX signal 227 on each of the recerve
clectrodes can then be measured 1n sequence by using multi-
plexer 213 to connect each of the N receive electrodes to
demodulation circuit 216 1n sequence.

The mutual capacitance associated with the intersections
of all TX electrodes and RX electrodes can be measured by
selecting every available combination of TX electrode and
RX electrode using demultiplexer 212 and multiplexer 213.
To improve performance, multiplexer 213 may also be seg-
mented to allow more than one of the receive electrodes 1n
matrix 225 to be routed to additional demodulation circuits,
such as demodulation circuit 216. In an optimized configu-
ration, where there 1s a 1-to-1 correspondence of instances of
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demodulation circuit 216 with receive electrodes, multiplexer
213 may not be present in the system.

When a conductive object, such as a finger, approaches the
clectrode matrix 225, the conductive object causes a decrease
in the measured mutual capacitance between only some of the
clectrodes. For example, 11 a finger 1s placed near the inter-
section of transmit electrode 222 and receive electrode 223,
the presence of the finger will decrease the charge coupled
between electrodes 222 and 223. Thus, the location of the
finger on the touchpad can be determined by 1dentitying the
one or more recerve electrodes having a decrease 1n measured
mutual capacitance 1n addition to i1dentifying the transmit
clectrode to which the TX signal 224 was applied at the time
the decrease 1n capacitance was measured on the one or more
receive electrodes.

By determining changes in the mutual capacitances asso-
ciated with each intersection of electrodes in the matrix 225,
the presence and locations of one or more conductive objects
may be determined. The determination may be sequential, in
parallel, or may occur more frequently at commonly used
clectrodes.

In alternative embodiments, other methods for detecting
the presence of a finger or other conductive object may be
used where the finger or conductive object causes an increase
in measured capacitance at one or more electrodes, which
may be arranged in a grid or other pattern. For example, a
finger placed near an electrode of a capacitive sensor may
introduce an additional capacitance to ground that increases
the total capacitance between the electrode and ground. The
location of the finger can be determined based on the loca-
tions of one or more electrodes at which a change 1n measured
capacitance 1s detected, and the associated magnitude of
capacitance change at each respective electrode.

The induced current signal 1s imtegrated by demodulation
circuit 216. The rectified current output by demodulation
circuit 216 can then be filtered and converted to a digital code
by ADC 217.

A series of such digital codes measured from adjacent
sensor mtersections, when compared to or offset by the asso-
ciated codes of these same sensors 1in an un-touched state,
may be converted to touch coordinates indicating a position
ol a touch on sense array 121 by touch coordinate converter
218. The touch coordinates may then be used to detect ges-
tures or perform other functions by the processing logic 102.

FIG. 3 illustrates an embodiment of a capacitive-sense
touch-sensing system according to one embodiment. Capaci-
tive touch-sensing system 300 includes a sense array 320.
Sense array 320 may be a capacitive-sense array. Sense array
320 includes multiple row electrodes 331-340 and multiple
column electrodes 341-348. The row and column electrodes
331-348 are connected to a processing device 310, which may
include the functionality of capacitance-sensing circuit 101,
as 1llustrated 1n FIG. 1 or 2. In one embodiment, the process-
ing device 310 may perform mutual capacitance measure-
ment scans of the sense array 320 to measure a mutual capaci-
tance value associated with each of the intersections between
a row electrode and a column electrode in the sense array 320.
The measured capacitances may be further processed to
determine centroid locations of one or more contacts of con-
ductive objects proximate to the sense array 320.

In one embodiment, the processing device 310 1s con-
nected to a host 150 which may receive the measured capaci-
tances or calculated centroid locations from the processing,
device 310.

The sense array 320 illustrated 1n FIG. 3 includes elec-
trodes arranged to create a pattern of interconnected diamond
shapes. Specifically, the electrodes 331-348 of sense array
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320 form a single solid diamond (SSD) pattern. In one
embodiment, each intersection between a row electrode and a
column electrode defines a unit cell. Each point within the
umt cell 1s closer to the associated intersection than to any
other intersection. For example, unit cell 350 contains the
points that are closest to the intersection between row elec-
trode 334 and column electrode 346.

In one embodiment, capacitive touch-sensing system 300
may collect data from the entire touch-sensing surface of
sense array 320 by performing a scan to measure capacitances
of the unit cells that comprise the touch-sensing surface, then
process the touch data serially or in parallel with a subsequent
scan. For example, one system that processes touch data
serially may collect raw capacitance data from each unit cell
of the entire touch-sensing surface, and filter the raw data.
Based on the filtered raw data, the system may determine
local maxima (corresponding to local maximum changes 1n
capacitance) to calculate positions of fingers or other conduc-
tive objects, then perform post processing of the resolved
positions to report locations of the conductive objects, or to
perform other functions such as motion tracking or gesture
recognition.

In one embodiment, capacitive touch-sensing system 300
may be configured to perform one or both of self-capacitance
sensing and mutual capacitance sensing. In one embodiment,
capacitive touch-sensing system 300 1s configured to perform
self-capacitance sensing, in sequence or in parallel, to mea-
sure the self-capacitance of each row and column electrode of
the touch-sensing surface (e.g., sense array 320), such that the
total number of sense operations 1s N+M, for a capacitive-
sense array having N rows and M columns. In one embodi-
ment, capacitive touch-sensing system 300 may be capable of
connecting individual electrodes together to be sensed 1n
parallel with a single operation. For example, multiple row
(e.g., electrodes 331-340) and or column electrodes (e.g.,
clectrodes 341-348) may be coupled together and sensed 1n a
single operation to determine whether a conductive object 1s
touching or near the touch-sensing surface. In an alternate
embodiment, the capacitive touch-sensing system 300 may
be capable of connecting each row electrode to 1t 1s own
sensing circuit such that all row electrodes may be sensed 1n
parallel with a single operation. The capacitive touch-sensing
system 300 may also be capable of connecting each column
clectrode to its own sensing circuit such that all column
clectrodes may be sensed 1n parallel with a single operation.
The capacitive touch-sensing system 300 may also be capable
of connecting all row and column electrodes to their own
sensing circuits, such that all row and column electrodes may
be sensed 1n parallel with a single operation.

In one embodiment, the capacitive touch-sensing system
300 may perform mutual capacitance sensing of the touch-
sensing surface (e.g., sense array 320) by individually sensing
cach intersection between a row electrode and a column elec-
trode. Thus, a total number of sense operations for a capaci-
tive-sense array (e.g., sense array 320) having X rows andY
columns 1s XxY. In one embodiment, performing a mutual
capacitance measurement of a unit cell formed at the inter-
section of a row electrode and a column electrode 1ncludes
applying a signal (1X) to one electrode and measuring char-
acteristics of the signal on another electrode resulting from
the capacitive coupling between the electrodes.

In one embodiment, multiple capacitance sensing circuits
may be used 1n parallel to measure a signal coupled to mul-
tiple column electrodes simultaneously, from a signal applied
to one or more row electrodes. In one embodiment, for a
capacitive-sense array (e.g., sense array 320) having X rows,
Y columns, and N columns that can be sensed simultaneously,
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the number of mutual capacitance sensing operations 1s the
smallest whole number greater than or equal to XxY/N.

In one embodiment, each update of the touch locations may
include a sensing portion and a non-sensing portion. The
sensing portion may include measurement of capacitance
assoclated with intersections between electrodes, while the
non-sensing portion may include calculation of touch loca-
tions based on the capacitance measurements and reporting of
the calculated touch locations to a host device.

FI1G. 4 illustrates a capacitive sensing system coupled to a
noise source, according to one embodiment. Capacitive sens-
ing system 410 1s coupled to a noise source, for example,
charging device 420. In another embodiment, the noise
source may be an LCD display (not shown) or other noise
source. Capacitive sensing system 410 comprises plates 411
and plates 412, which may be metal or some other material.
When a touch object 430 (1.e., conductive object, e.g., a
finger) 1s placed 1n proximity to one of the plates 411 and 412,
there 1s an effective capacitance, C., between the plate and
the touch object 430 with respect to ground. Also, there 1s a
capacitance, C, ., between the plates 411 and 412. Accord-
ingly, a processing device, such as processing device 110 1n
FIG. 1, can measure the change 1n capacitance, capacitance
variation C, ,, when the touch object 1s 1n proximity to one or
more of the plates 411 and 412. In one embodiment, a dielec-
tric material may be positioned above and below the plates
411 and 412 which are closest to the touch object 430. The
dielectric material may be an overlay. The overlay may be
non-conductive material used to protect the circuitry from
environmental elements and to insulate the touch object 430
or other substance from the circuitry. FIG. 4, by way of
example, 1llustrates a finger to represent touch object 430,
however 1n alternative embodiments, touch object 430 may
be any conductive object or substance.

In one embodiment, the charging device 420 may be used
to power the capacitive sensing system 410 and/or to charge a
battery or other power source coupled to the capacitive sens-
ing system 410. Charging device 420 may generate common
mode voltage noise. When the touch object 430 comes 1nto
contact with capacitive sensing system 410, the touch object
430 may complete a circuit connection 440 between the
charging device 420 and the capacitive sensing system 410.
By completing the circuit connection 440, noise generated by
charging device 420 is introduced 1nto the capacitive sensing
system 410. The noise caused by the contact between the
touch object 430 and the capacitive sensing system 410 may
include direct coupled noise.

In one embodiment, in a touch sensor system (e.g., elec-
tronic system 100 in FIG. 1, electronic system 200 in FIG. 2,
and capacitive sensing system 410), external sources of noise,
often produced by low quality battery chargers, cause noise
currents to be coupled from a user’s finger to the touch system
sensor. The noise current corrupts measurements made by the
system and can result 1n large errors 1n the computed finger
positions, false touches and suppression of the signal pro-
duced by real touches such that they are not reported.

FIG. 5 1s an illustration of a scanning sequence, according,
to one embodiment. Scanning sequence 500 can be described
as including two types of scans, metric scans 510 (a.k.a.,
listening scan) and touch scan 520, and may be performed 1n
a temporal order as described by time 5035. For example,
metric scans 510 may be performed prior to conducting touch
scan 520. However, 1t should be noted that scanning sequence
500 1s 1llustrative and metric scans 310 and touch scan 520
may be performed 1n any order and may 1nclude one or more
metric scans and or touch scans. Metric scans 310 may be
performed to measure noise, while the touch scan 520 may
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collect touch data indicative of a touch detected proximate a
sense array (e.g., sense array 121 1 FIG. 1). In one embodi-
ment, processing logic 102 and/or listening scan tool 120 may
perform the scanning sequence 500.

Injected touch 503 may produce similar data as would be
present during a touch scan of the sense array with a conduc-
tive object at a known location on the sense array (e.g., sense
array 121). For example, metric testing 1s typically performed
using a metal finger (e.g., conductive object) to conduct noise
onto the panel (e.g., sense array 121) at a known position. The
metal finger may also be present absent a noise signal, creat-
ing what can be called a “gold standard” of touch data for the
physical position of a touch. Both the metric test and the “gold
standard” may be performed to determine the presence of a
touch and the X-Y coordinate position of the touch. The
sensing system (e.g., electronic system 100 and electronic
system 200) may then compare the “gold standard™ with the
metric testing data, to determine error in the sensing system
due to noise. If a test metal finger were on the panel at all
times, the magnitude of error 1n the sensing system when
determining presence and position would provide a perfect
noise metric. However, 1t 1s not practical to continually posi-
tion a physical test finger on the touch screen (e.g., sense array
121) during normal user operation. It 1s possible to electri-
cally emulate the effect of a test finger 1n the sensing system
(e.g., electronic system 100 and electronic system 200), for
example, with mjected touch 503.

In a capacitive sensing system (e.g., electronic system 100
and 200), noise 1s typically measured using separate metric
scans (a.k.a., listeming scan) when the TX signal 1s disabled.
Metric scans 510 may be performed sequentially. In one
embodiment, the separate metric scans such as wide band
noise peak 301, noise frequency 502, and injected touch 503,
may be performed 1n any order. In another embodiment, the
separate metric scans may be performed simultaneously. In
another embodiment, any of the separate metric scans may or
may not be performed and additional separate metric scans
may or may not be imncluded 1n metric scans 310. In another
embodiment, the injected touch 503 may be run multiple
times prior to or after touch scan 520. The separate metric
scans of metric scans 310 may be performed so that touch data
from an actual touch 1s not confused with noise. In one
embodiment, metric scans 510 are performed independent of
a transmitted stimulus signal (e.g., TX signal 224). Said dii-
terently, during the metric scans 510, the transmit signal 1s
turned oif, so that no touch signal 1s present from a touch

object. In another embodiment, injected touch 503, 1n par-
ticular, 1s performed independent of a transmitted stimulus
signal (e.g., TX signal 224).

In one embodiment, 1njected touch 303, induces a surro-
gate touch current in hardware (e.g., capacitance sensing
circuit 101) to produce the same measured values during the
injected touch 503 scan as would be present during a touch
scan 520 with a conductive object disposed at a known loca-
tion (e.g., the metal test finger described above) on the sense
array (e.g., sense array 121). The sensing system (e.g., elec-
tronic system 100 and electronic system 200) may then use
the data collected from the metric scans 510 generally, and the
injected touch 503 1n particular, to compute an estimate of a
noise metric. In one embodiment, a noise metric may be an
estimate of error (e.g., position error and or jitter) that will be
present in a touch measurement due to noise in the sensing
system. In another embodiment, a noise metric may be
directly related to customer observable performance mea-
sures such as false touches, dropped touches, and X-Y coor-
dinate finger position jitter.
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FIG. 6 1s an example of cells 1n a sense array, according to
one embodiment. In one embodiment, cells of sense array 600
represent an intersection of sense elements (e.g., electrodes)
of the sense array 121. In one embodiment, processing logic
(e.g., processing logic 102) 1s configured to detect one or
more touches on capacitive sense array 121. The one or more
touches produces touch data on the capacitive sense array
121, and the processing logic measures the touch data. The
touch data may be represented as multiple cells (e.g., cells of
sense array 600), each cell (e.g., S,,-S4,) representing an
intersection of sense elements of capacitive sense array 121.
In FIG. 6, cells marked S-S, represent names 1dentifying
cells. In one embodiment, the names S,,-Sq4 represent loca-
tions of cells corresponding to sense array 121. In one
embodiment, one or more touches on a sense array 121 pro-
duce touch data on cells 600 and the touch data can be rep-
resented as counts (not shown).

In one embodiment, mjected touch 503 is performed on a
known location on a sense array (e.g., sense array 600). In
order to determine the known location, processing logic (e.g.,
processing logic 120) may determine the presence or location
of a touch object. For example, processing logic may detect a
touch object on a particular row or column of sense array 600.
In another embodiment, processing logic may determine that
a touch 1s present on a particular cell or number of cells on
sense array 600. After determining the known location,
injected touch 503 may be performed at a precise location on
sense array 600 while a conductive object 1s conducting noise
on to the sense array 600.

In another embodiment, injected touch 503 may simulate a
touch on any size matrix of cells. For example, in FIG. 6,
injected touch 601 may simulate atouch on a 2x2 sized matrix
(€.2.,5,.4, S<1, S45, S:5). As aresult ol injected touch 601, the
cells S, S<., S, <, S<5, may receive touch data indicative of a
touch. For example cells S, S.,, S,., and S.., may have
counts of 23, 29, 30, 34, respectively while the remaining
cells may have counts of approximately zero. Performing an
injected touch, such as injected touch 601 will be discussed 1n
the FIGS. 7 and 8.

FIG. 7 1s a block diagram 1llustrating another embodiment
of an electronic system that processes touch data. The capaci-
tance-sensing circuit 101 includes an attenuator circuit 720,
an 1ntegrator circuit 730, and a converter 740. Capacitance-
sensing circuit 101 1s coupled to processing logic 102 (which
includes listening scan tool 120) and capacitive sense array
721. In one embodiment, capacitance-sensing circuit 101
controls the transmitted stimulus signal (e.g., TX_L 770)
through a umty gain bufler (e.g., TXbuf 780). The capaci-
tance-sensing circuit 101 may be part of a touchscreen con-
troller coupled to an indium-tin-oxide (ITO) panel. The touch
screen controller measures input current from the capacitive
sense array 721 and based on this data, calculates the touch
position. The signals received from the capacitive sense array
721 can be attenuated by the attenuator circuit 720 before
being mput nto the integration circuit 730. The integration
circuit 730 integrates the attenuated signal and inputs the
resulting signal into the converter 740. The converter 740
converts the integrated signal into a digital value and sends
the digital value to processing logic 102. Alternatively, the
digital value can be processed further by a processing device
(e.g., processing device 110) or a host (e.g., host 150). The
digital value represents a capacitance measured on the capaci-
tive sense array 721 for purposes ol detecting touches on
capacitive sense array 721 by one or more conductive objects,
as well as positions of the touches, gestures by conductive
objects, or the like.
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In one embodiment, during touch scan 520, the TX sensor
clements (e.g., TX element 781) are driven so that a charge 1s
received 1n each RX channel (e.g., RX element 782 may be
the 1input to the RX channel). During touch scan 520, a base-
line charge 1s removed using a current output digital-to-ana-
log converter (IDAC) (not shown), leaving only charge varia-
tion due to the finger touch modulation of the TX signal (e.g.,
TX_L 770) on the integration capacitors of integration circuit
730.

In one embodiment, during injected touch 503, a transmit-
ted stimulus signal (e.g., TX signal such as TX_L 770) 1s not
present, thus the IDAC 1s not used. During injected touch 503,
there 1s no baseline current for the IDAC to remove. There-
fore, the IDAC 1s available to emulate a surrogate touch by
adding an amount of charge that would have been produced
by a metal test finger as described 1n FIG. 5. The IDAC charge
may be set uniquely for each RX channel and each mmjected
touch 503 scan. Additionally, an mjected touch 503 may be
injected anywhere on sense array 121, as described in FIG. 6.
Since the mjected touch 503 1s produced by adding charge to
the integration capacitors of integration circuit 730, the effect
ol noise saturating the RX channel is included 1n the mea-
surement of injected touch 3503. Thus, large noise signals
saturating 1ntegration circuit 730 during mjected touch 503
scan will destroy the surrogate touch signal, while dropped
touches will be manifested exactly as they would be for a
physical touch on the sense array 721.

It should be noted that an 1njected touch 503 need not be
generated by an IDAC or current source/sink. Injected touch
503 may be generated digitally, for example, by adding a
fixed touch difference count value 1in firmware. In another
embodiment, an 1njected touch 503 may be generated by
connecting a capacitive test structure (not shown) via a mul-
tiplexor (e.g., multiplexor 213) to the recerving circuit. In
another embodiment, an injected touch 503 may be generated
by adding a fixed constant to the listening data. In this case,
the IDAC and TX signal are turned off. The listening scan will
consist of only noise. The fixed constant value, which may
emulate a real touch, 1s added to the listening data. In another
embodiment, and injected touch 503 may be generated by
iitializing a voltage representative ol a touch value on an
integration circuit such as integration circuit 730. In another
embodiment, the TX signal 1s routed through a mock circuit

clement connected 1n parallel to the Rx input.
The following methods (method 800, 900, 1000, 1100,

1400 1500, 1600, 1700, and 1710) may be performed by
processing logic (e.g., processing logic 102) that may include
hardware (circuitry, dedicated logic, etc.), soltware (such as 1s
run on a general purpose computing system or a dedicated
machine), firmware (embedded software), or any combina-
tion thereof. In one embodiment, the processing device 110
performs some or all of each method disclosed above. In
another embodiment, listening scan tool 120 performs some
or all of each method. In another embodiment, the host 150
performs some or all of the operations each method. Alterna-
tively, other components of the electronic system 100 or
clectronic system 200 perform some or all of the operations of
cach method.

FIG. 8 1s a flowchart of a method 1llustrating detection of a
touch, according to one embodiment. Method 800 begins at
block 805 where processing logic (e.g., processing logic 102)
induces, during a listening scan (e.g., metric scans 510), an
injected touch (e.g., injected touch 503) to produce similar
data as would be present during a touch scan of the sense array
(e.g., sense array 121) with a conductive object being dis-
posed at a known location on the sense array. For example,
processing logic may determine the presence a location of a
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conductive object such as a finger. The location of the finger
may be determined from a metric scan 310 or a touch scan
520. In one embodiment, the known location includes a plu-
rality of cells of the sense array (e.g., injected touch 601)
where a touch detected proximate the sense array occurs. For
example, once a known location of the finger has been deter-
mined, mjected touch 601 may produce a surrogate touch at
the multiple cells of sense array 600 as described in FIG. 6.

In one embodiment, the listening scan (e.g., metric scans
510) 1s performed 1independent of a transmitted stimulus sig-
nal. For example, in FIG. 7, the transmission signal (1.e.,
TX_L 770) may be turned oif when performing a listening
scan. Additionally, the absence of a transmission signal
removes a touch object’s (e.g., finger) influence from the
results of the listening scan (e.g., listening data).

In block 810 of method 800, processing logic (e.g., pro-
cessing logic 102) computes, using the data from the mjected
touch 503, an estimate of a noise metric based on the touch. In
one embodiment, a noise metric describes characteristics of
detected noise. For example, a noise metric may describe the
external noise amplitude. In another embodiment, the noise
metric may describe the frequency at which the noise exists.
In another embodiment, the noise metric may describe the
frequency and amplitude of the noise. In another embodi-
ment, the noise metric may describe the location of a touch
object on the sense array.

In another embodiment, the listening scan (e.g., metric
scans 510) 1s performed for a plurality of frequencies. For
example, multiple listen scans may be performed sequentially
at different listen frequencies. A single channel (e.g., RX
clement 782) may be used to scan multiple frequencies
sequentially. In one embodiment, processing logic generates
a noise metric for each of the plurality of frequencies. If the
noise metric for a particular frequency 1s high, 1t means that
noise exists at that particular listen frequency. Conversely, 1f
the noise metric for a particular frequency 1s low, 1t means that
low noise or no noise exists at that particular listen frequency.
A separate noise metric may be computed for each different
listen frequency. In one embodiment, the noise metric with
mimmum noise out of the multiple noise metrics for each
different listen frequency 1s said to have a minimum noise
response. In another embodiment, the noise metric indicating
the minimum detected noise 1s the minimum noise metric,
which may be frequency based, magnitude based, or other
alternative.

In another embodiment, the listen scan (e.g., metric scans
510) 1s performed for a plurality of frequencies 1n parallel. An
clectronic system (e.g., electronic system 100 and electronic
system 200) may include multiple channels (e.g., see FIG. 2
with multiple RX channels and multiple TX channels). The
multiple channels (e.g. RX channels) may be configured to
perform a listen scan on multiple frequencies 1n parallel and
simultaneously. Processing logic (e.g., processing logic 102)
may compute a noise metric for each frequency of the listen
frequency.

In block 815 of method 800, processing logic (e.g., pro-
cessing logic 102) recerves the injected touch 503 at an inter-
nal portion of the recerving circuit. As described 1n FIG. 5, a
metric test may be performed using a metal test finger to
conduct noise onto sense array 121. Placing a metal test finger
on sense array 121 during customer use 1s impractical. There-
fore, 1n one embodiment, 1njected touch 503 1s performed at
an internal portion of the recewving circuit, such as capaci-
tance-sensing circuit 101. In one embodiment, the mjected
touch 503 may be performed by an IDAC located 1n process-
ing device 110. The IDAC may deliver current to the integrat-
ing capacitors ol itegration circuit 730 to simulate a surro-
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gate touch. In another embodiment, an 1njected touch 503
may be introduced by adding a fixed touch difference count in
firmware.

In block 820 of method 800, processing logic process (e.g.,
processing logic 102) the data of the injected touch 503 1n an
equivalent signal path to touch data from a touch proximate
the sense array (e.g., sense array 121) present during the touch
scan of the sense array. Processing data from injected touch
503 1n an equivalent signal path to touch data from a touch
allows for a more precise estimate of noise, in part, because
the data from 1njected touch 503 will be conditioned by the
same circuitry as would an actual touch. Thus, the data from
injected touch 503 will be affected 1n a similar manner as data
from an actual touch. For example, data from an injected
touch 503 that 1s processed 1n an equivalent signal path to
touch data from a touch may be processed by downstream
filters and incorporate the signal conditioning caused by the
downstream filters. In one embodiment, the equivalent signal
path 1s the same or similar signal path in which data of an
actual touch 1s processed. In another embodiment, the equiva-
lent signal path may be the same signal path for both data of
injected touch 503 and an actual touch, except that the starting
point 1s different. For example, 1n FIG. 7 mnjected touch 503
may begin in integration circuit 730 while touch data may
begin at or recerved by the recewving circuit at attenuator
circuit 720. However, both the data of the imjected touch 503
and the actual touch are processed 1n an equivalent signal path
starting from integration circuit 730.

In block 825 of method 800, processing logic (e.g., pro-
cessing logic 102) selects a stimulus signal (e.g., selected
stimulus signal) from a plurality of stimulus signals (e.g., TX
signal such as TX_L 770) for the touch scan (e.g., touch scan
520), where the touch scan measures the touch proximate the
sense array (e.g., sense array 121), according to one embodi-
ment. The selection of the stimulus signal may be based on the
noise metric, where the noise metric 1s indicative of noise
characteristics of noise on the sense array (e.g., sense array
121). For example, as described 1n block 810 of method 800,
a noise metric may be computed for different frequencies of
noise. Processing logic may determine from multiple metric
scans (e.g., metric scans 510) which frequency has a mini-
mum noise response based on the computed noise metrics.
Processing logic may select the frequency that has minimum
noise response and choose that frequency to transmit a stimu-
lus signal for a touch scan (e.g., touch scan 520). Additional
embodiments describing the selection of a stimulus signal
based on the noise metric will be discussed below.

FIG. 9 1s a flowchart of a method illustrating frequency
hopping, according to one embodiment. Method 900 begins
at block 901, where processing logic (e.g., processing logic
102) performs a listening scan (e.g., metric scan 510) at a
selected frequency. In one embodiment, the listening scan
includes 1njected touch 503. In block 902 of method 900,
processing logic performs a listening scan at a second
selected frequency. In block 903 of method 900, processing,
logic performs a listening scan at a third selected frequency.
The listeming scan at each frequency may be performed
sequentially or in parallel as discussed in FIG. 8. The listening,
scan 1s performed without a TX signal (e.g., TX_L 770) 1n
order to determine the external noise level. Each listening
scan produces a noise metric which indicates characteristics
of the detected noise. Method 900 continuous to block 904,
where processing logic selects a TX frequency (1.e., Ire-
quency of a transmitted stimulus signal). In one embodiment,
the frequency with the mimimum noise metric or minimum
noise response may be selected as the TX frequency. Method
900 continues to block 905 where processing logic uses the
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selected TX frequency to perform a touch scan (e.g., touch
scan 520). In another embodiment, the number of frequencies
for with a listening scan 1s performed may be any number. For
example, a touch scan for a single frequency may be per-
formed or a multiple touch scans for more than three frequen-
cies may be performed. For purposes of illustration, a sepa-
rate listening scan may be performed for four frequencies:
100 kHz, 150 kHz, 250 kHz, and 350 kHz. Processing logic
may store one or multiple noise metrics for each frequency.
For example, processing logic may store a wide band noise
metric for wide band noise peak 501 and a noise metric for
listening scan, both for a single frequency. It should be noted
that the details of the above disclosure may be incorporated in
method 900, 1n particular the details presented 1n the descrip-
tion of FIG. 8.

In one embodiment, the listening scan (e.g., metric scans
510) 1s performed with multiple frequencies in parallel
instead of sequentially. Performing multiple listening scans
in parallel for different frequencies reduces the window of
time between the listen scan on each frequency and the touch
scan (e.g., touch scan 3520). Performing a listening scan for
multiple frequencies in parallel reduces the probabaility that
the frequency of noise changes during the scanning sequence
(e.g., scanning sequence 300). Typically, the listening scan
(e.g., metric scans 510) and touch scan (e.g., touch scan 520)
execute very fast and the external noise sources and the asso-
ciated noise characteristics remain relatively constant. For
example, 1f the external noise frequency changes slowly, the
optimal transmission frequency for a touch scan i1s selected
based on current and previously measured data. But 1f exter-
nal noise changes nearly instantaneously after the listen scan
but before the touch scan, processing logic (e.g., processing
logic 120) may select an incorrect transmission frequency
(e.g., TX_L 770) because the noise metrics are outdated. In
other words, 11 external noise frequency changes just before
the touch scan, the listening scan will not detect the correct
noise characteristics. As a result, undetected noise may poten-
tially cause touch jitter or false touch. Scanning multiple
frequencies simultaneously during the listening scan reduces
the window of time between the listen scan on each frequency
and the touch scan, which reduces the probability of measure-
ment error for a touch 1n an environment where the noise
frequencies change quickly.

FIG. 10 1s a flowchart of a method 1llustrating auto fre-
quency hopping (AFH), according to one embodiment.
Method 1000 presents one embodiment 1n which one listen-
ing scan (e.g., metric scans 510) 1s performed before the touch
scan (e.g., touch scan 520). After each loop cycle 1n method
1000, the listening scan’s operational frequency changes. In
method 1000, the transmission frequency (1.e., TX frequency)
for a touch scan 1s selected by a minimum noise criteria from
the noise data or noise metrics obtained during the listening,
scans. Method 1000 may be executed when noise 1s detected.
In one embodiment the AFH method described 1n method
1000 executes if charger noise 1s detected by a Wideband
Noise Metric (e.g., wideband noise peak 501). The Wideband
Noise Metric 1s a special noise metric that indicates an exter-
nal noise amplitude and 1s not frequency dependent.

Method 1000 begins at block 1005 where processing logic
detects noise. In one embodiment, processing logic detects
charger noise. In another embodiment, processing logic
detects noise from another source, such as LCD noise. In
block 1010 of method 1000, processing logic provides the
variable Freqlnd with a value of zero and variable, Noise with
a value (e.g., Noise={0}) that corresponds to Freqlnd=0.
Freqlnd refers to a frequency index. Freqlnd may be a pointer
to an array of operational frequencies. For example, there
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may be 4 operational frequencies: 100 kHz, 150 kHz, 250
kHz, and 350 kHz. Corresponding to the 4 operational fre-

quencies, Freqlnd may have a value o1 O to 3. FreqInd=0 may
refer to 100 kHz and Freqlnd=3 may refer to 350 kHz. Noise
may refer to an array that stores listening scan data corre-
sponding to each of the operational frequencies of Freqlnd. In
one embodiment, Noise may refer to a Noise array that stores
noise metrics corresponding to each of the frequencies of
Freqlnd.

Method 1000 continues to block 1015 where processing,
logic initializes the Noise array. In one embodiment, to 1ni-
tialize the Noise array, processing logic stores noise metrics
or noise data in Noise array that correspond to operational
frequencies of the frequency 1index (1.e., Freqlnd). In another
embodiment, processing logic performs listening scans on all
the operational frequencies and stores the results in Noise
array. Method 1000 continues to block 1020 where process-
ing logic sets the listening frequency to Freqlnd. In one
embodiment, the listeming frequency 1s 0 as set in block 1010.
The listening frequency 1s the frequency at which that the
listening scan (e.g., metric scans 510) 1s performed.

Method 1000 continues to block 1025 where processing,
logic performs a listening scan (e.g., metric scans 510). The
listening scan may be conducted at the frequency indicated by
the frequency index (e.g., Freqlnd). In another embodiment,
the listening scan may be conducted for one or more frequen-
cies sequentially or in parallel. Method 1000 continues to
block 1030 where processing logic saves the listening data
from the listening scan to Noise array. In one embodiment,
one or more noise metrics are stored 1n Noise array corre-
sponding to the frequency or frequencies ol the listening scan.
Method 1000 continues to block 1035 where processing logic
sets OpFreq to Min(Noise). OpFreq 1s the operational fre-
quency (e.g., TX frequency) at which a touch scan may be
conducted. Min(Noise) may be the noise metric that indicates
the operational frequency with the minimum noise character-
istics. In block 1035, processing logic sets the operational
frequency to the frequency corresponding to the minimum
noise data in the Noise array. Method 1000 continues to block
1040 where processing logic sets the TX frequency to OpFreq
as defined by block 1035. In block 1045 of method 1000,
processing logic conducts a touch scan (e.g., touch scan 520)
to detect the position of a touch proximate the sense array
(e.g., sense array 121). The touch scan may be conducted at
the TX frequency as set at block 1040 and may be the fre-
quency at which the least noise 1s detected.

Method 1000 continues to block 1050 where processing,
logic compares the current number 1n the frequency index
(1.e., Freqlnd) to the maximum number of available opera-
tional frequencies (1.e., FREQNUM). If Freqlnd 1s not less
than FREQNUM, method 1000 moves to block 1035 where
processing logic sets Freqlnd to zero. I Freqlnd 1s less than
FREQNUM, method 1000 moves to block 1060 where pro-
cessing logic adds one to Freqlnd. Method 1000 then returns
to block 1020. By looping through method 1200, method
1200 cycles through the operational frequencies and continu-
ously updates noise metric data.

FIG. 11 1s a flowchart of a method 1llustrating auto fre-
quency hopping (AFH), according to another embodiment.
Method 1100 extends method 1000 to include a listening scan
(e.g., metric scans 510) before and after a touch scan (e.g.,
touch scan 520). The results of the touch scan may be rejected
if the results from the subsequent listening scan show that the
external noise has changed (1.¢., noise metrics have changed).
I1 the touch scan 1s rejected, a new scanning sequence may be
performed.
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In one embodiment, in method 1100 processing logic con-
ducts a listening scan before and after atouch scan (e.g., touch
scan 520) 1n order to detect any changes in the noise signal.
Method 1100 begins at block 1105 where processing logic
detects noise. In one embodiment, processing logic detects
charger noise. In another embodiment, processing logic
detects noise from another source, such as LLCD noise. In
block 1110 of method 1100, processing logic provides the
variable, Freqlnd, with a value of zero and the variable, Noise,
with a value (e.g., Noise={0}) that corresponds to FreqInd=0.
Freqlnd refers to a frequency index. Freqlnd 1s a pointer to an
array of operational frequencies. For example, there may be 4
operational frequencies: 100kHz, 150 kHz, 250 kHz, and 350
kHz. Corresponding to the 4 operational frequencies, Freqlnd
may have a value of 0 to 3. Freqlnd=0 may refer to 100 kHz
and Freqlnd=3 may refer to 350 kHz. Noise refers to Noise
array that stores listening scan data corresponding to each of
the operational frequencies of Freqlnd. In one embodiment,
Noise may store noise metrics corresponding to each of the
frequencies of Freqlnd.

Method 1100 continues to block 11135 where processing,
logic 1nitializes the Noise array. In one embodiment, to 1ni-
tialize the Noise array, processing logic stores noise metrics
or noise data in Noise array that correspond to operational
frequencies of the frequency index (1.e., Freqlnd). Method
1100 continues to block 1120 where processing logic sets the
listening frequency to Freqlnd. In one embodiment, the lis-
tening frequency 1s 0 as mitialized 1n block 1110. The listen-
ing frequency 1s the frequency at which that the listening scan
(e.g., metric scans 310) 1s performed.

Method 1100 continues to block 1125 where processing
logic performs a listening scan (e.g., metric scans 510). The
listening scan may be conducted at the frequency indicated by
the frequency index. In another embodiment, the listeming
scan may be conducted for one or more frequencies sequen-
tially or 1n parallel Method 1100 continues to block 1130
where processing logic saves the listening data from the lis-
tening scan to Noise array. In one embodiment, one or more
noise metrics are stored in Noise array corresponding to the
frequency or frequencies of the listening scan. Method 1100
continues to block 1135 where processing logic sets OpFreq
to Min(Noise). OpFreq 1s the operational frequency (e.g., TX
frequency) at which a touch scan may be conducted. In block
1135, processing logic sets the operational frequency to ire-
quency corresponding to the minimum noise data in the Noise
array. Method 1100 continues to block 1140 where process-
ing logic sets the TX frequency to OpFreq as defined by block
1135. In block 1145 of method 1100, processing logic con-
ducts a touch position scan (e.g., touch scan 520) to detect the
position of a touch proximate the sense array (e.g., sense array
121). The touch scan may be conducted at the TX frequency
as set at block 1140 and may be the frequency at which the
least noise 1s detected.

Method 1100 continues to block 1150 where processing
logic conducts another listening scan. In one embodiment,
conducting a second listening scan ensures that the noise
frequency has not changed during the touch scan. In block
1155, processing logic saves the listening data from the lis-
tening scan of block 1150 1n the Noise array.

In block 1160 of method 1100, processing logic sets
OpFreq equal to Min(Noise). OpFreq i1s another variable for
operational frequency. In block 1165, processing logic com-
pares OpFreq to OpFkreql. The two vanables OpFreq and
OpFreql may be compared to identily if the minimum noise
frequency changed during the touch scan. If the minimum
noise frequency changed during the touch scan, the touch data
may be corrupt. If OpFreq and OpFreql are not equivalent
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value, method 1100 proceeds to block 1170 and sets the TX
frequency to a new value OpFreql. Then method 1100 pro-
ceeds to block 1175 where processing logic conducts a new
touch scan (e.g., touch scan 520).

Method 1100 continues to block 1180 where processing
logic compares the current number 1n the frequency index
(1.e., Freqlnd) to the maximum number of available opera-

tional frequencies (1.e., FREQNUM). If Freqlnd 1s not less
than FREQNUM, method 1100 moves to block 1185 where
processing logic sets Freqlnd to zero. I Freqlnd 1s less than
FREQNUM, method 1100 moves to block 1190 where pro-
cessing logic adds one to Freqlnd. Method 1100 then returns
to block 1120.

FIG. 12A 1s an illustration of a noise metric, according to
one embodiment. In one embodiment, noise metrics or raw
data noise for different transmission Irequencies may be
stored 1n a table. The noise metrics or raw data noise (a.k.a.,
noise data) may be dynamically generated, or generated dur-
ing production and stored 1into memory. The noise data may
show the characteristics of noise for a range ol noise frequen-
cies for one or more transmission frequency periods (hop
frequencies). For example, the table may consist of one col-
umn representing the TX periods and another column repre-
senting noise frequency. The table may contain noise data that
corresponds to both columns. When selecting a stimulus sig-
nal (1.e., hop frequency) from a plurality of stimulus signals,
processing logic (e.g., processing logic 120) may selected,
from the table, a stimulus signal that has lowest noise
response 1n some external frequency window (1.e., range) and
not just at a single noise frequency.

In one embodiment, processing logic (e.g., processing
logic 120) adds a dernivative to the noise metric 1n order to
make the noise metric more reliable. A noise metric, such as
noise metric 1215, may be more than a single number that
represents noise. A noise metric (e.g., noise metric 1215) may
show noise characteristics over time. Consequently, the noise
metric will show the changes of the noise characteristics over
time. For example, noise metric 1215 rises and falls 1n value
over time. Further, the noise metric 1215 demonstrates beat-
ings (e.g., beating 1220). That 1s, noise metric 12135 1s lower
at certain 1nstances 1n time. For example, 1n F1G. 12A, char-
acteristics of noise are retlected by the noise metric value
1210. For a majority of time (e.g., time 1205), noise metric
value 1210 1s roughly 104. However, for brief instances, noise
metric value 1210 drops to values of approximately 20. These
drops 1in noi1se metric value 1210 may be called beatings (e.g.,
beating 1220). In another embodiment, any deviation from a
consistent noise metric value may be a beating. For example,
spikes 1n a noise metric value may be a beating. In order to
create a more stable noise metric, for example, a noise metric
with few to no beatings, a derivative of the noise metric may
be used.

FIG. 12B 1s an illustration of a noise metric, according to
another embodiment. A derivative may describe how a noise
metric changes, for example, the speed at which a noise
metric changes. I the noise metric has beatings (e.g., noise
metric 1215), the derivative of the noise metric 1s high. By
adding the absolute value of the dertvative of the noise metric
to, for example, the ijected touch (e.g., mjected touch 503 )
noise metric, the influence of the beatings 1n the noise metric
1s decreased. A derivative noise metric (e.g., dertvative noise
metric 1225) 1s a noi1se metric generated by adding the abso-
lute value of the derivative of a noise metric to the original
noise metric (€.g., noise metric 1213). For example, F1G. 12B
shows the derivative noise metric 1225 of noise metric 1215.
The resultant derivative noise metric (e.g., derivative noise
metric 1225) 1s a noise metric that 1s more stable over time,
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and a noise metric that demonstrates fewer beatings and or
beatings of decreased magnitude. In one embodiment, the
derivative of a noise metric 1s calculated based on current and
previous noise metric values. In one embodiment, processing,
logic (e.g., processing logic 120) selects a stimulus signal
from the plurality of stimulus signals based on the derivative
noise metric.

FIG. 13 A 1s an 1llustration of noise metric measurements at
multiple frequencies, according to one embodiment. FIG.
13 A shows two overlapping noise metrics, noise metric 1301
and noise metric 1302. Noise metric 1301, measured at fre-
quency F1, 1s relatively stable and consistent, while noise
metric 1302, measured at frequency F2, 1s relatively noisy.
Noise metric 1301 consistently indicates minimum noise
response, and a frequency (F1) for which a stimulus signal
may be selected. However, because of the overlap of noise
metric 1301 and noise metric 1302, processing logic (e.g.,
processing logic 120) may have difficulty choosing the
“right” frequency, or the frequency with the lowest noise
response. Adding an absolute dertvative to a noise metric can
shift the noise metrics (e.g., noise metric 1301 and noise
metric 1302) so that distinction may be more readily made.

FIG. 13B 1s an illustration of multiple noise metrics,
according to another embodiment. In FIG. 13B, the absolute
value of the dertvative of noise metric 1302 has been added to
itself, creating derivative noise metric 1304. Consequently,
noise metric 1304 has been shifted up, and now may be
distinguished from noise metric 1301 more readily. As a
result, determining the correct frequency to operate (e.g.,
frequency at which to transmit a stimulus signal) becomes
less complex. In one embodiment, processing logic (e.g.,
processing logic 120) selects a stimulus signal from the plu-
rality of stimulus signals based on the derivative noise metric.

FIG. 14 1s a flowchart of a method 1llustrating smart ire-
quency selection (SEFS), according to one embodiment.
Method 1400 illustrates a smart frequency selection method
that may be used to determine the optimum frequency at with
to perform a touch scan (e.g., touch scan 520). In method
1400, processing logic compares the listening data (e.g.,
noise metrics) to the maximum possible value stored in
MAXVALUE. I the two values are equal and the current
listening data from the current listening scan 1s equal to the
listening data from the previous listening scan, SES 1increases
the noise metric value. Consequently, 1f the listening data 1s
continuously high from scan to scan, the noise metric slowly
counts up. A continuously high noise metric describes a bad
frequency at which to operate. I1 a diflerent noise metric has
rare or infrequent beatings, SE'S selects the noise metric with
beatings rather than noise metrics that are continuously high.

In method 1400, 11 the listening data 1s not continuously
high, then listening data 1s filtered by a Low Pass Filter (LPF)
and assigned a noise metric. The LPF listening data includes
the average of the current and previous listening scans.
Method 1400 continues by comparing listening data. It the
listening data decreases, the absolute value of the dervative
of the listenming data 1s added to the noise metric (further
described 1n FIG. 12B). The sum of the listening data and the
absolute value of the derivative of the listening data may be
higher than MAXVALUE. Consequently, the noise metric 1s
checked against MAXVALUE to determine 11 the noise met-
ric has exceeded MAXVALUE.

Method 1400 continues where processing logic updates the
listening data value. Method 1400 then continues where pro-
cessing logic chooses the minimum of all available noise
metrics for all frequencies. The chosen frequency is assigned
to the OpFreq variable, which represent the optimum opera-
tion frequency.
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In another embodiment, method 1400 may apply some
hysteresis to noise metrics. Often, switching over two noise
metrics that are close to each other or react on small differ-
ences between them may bring little benefit. It the difference
between two noise metrics OpFreq and OpFreql 1s smaller
than a THRESHHOLD, SFS continues working with the
previous frequency OpFreql.

FIG. 15 1s a flowchart of a method 1llustrating auto fre-
quency hopping (AFH) implementing a counter, according to
another embodiment. Different raw noise data filtration
method may be effective for different external noise frequen-
cies. The median filter may be effective for noise frequencies
5 to 10 times lower than the TX frequency. The Window Hann
filter may be effective for noise frequencies close to TX
frequencies. A special frequency dependent noise metric may
be used for median and Window Hann filter switching. Fre-
quency dependent noise may be calculated by the number of
times ADC samples cross a threshold value during a listening
scan (e.g., metric scans 510).

In an alternative embodiment, frequencies of external
noise may be measured directly. Noise data from the direct
measurements may be used for Window Hann and median
filter switching. For example, an external noise frequency
applied to a sensing system (e.g., electronic system 200) may
be measured directly. All RX electrodes (e.g., receive elec-
trode 223) may be connected together at an mput of a tran-
simpedance amplifier (TTA) (not shown). External noise may
create current pulses on the RX lines that transform to voltage
on the TIA output. A comparator (CMP) (not shown) may be
part of the listening scan hardware. The comparator output
may be read by firmware. The firmware counts the number of
pulses during a time 1nterval defined by a firmware gate (not
shown) For example, for a gate time of 3 mS, the frequency
counter resolution 1s 166 Hz when the firmware counts both
edges of a clock pulse.

In an alternative embodiment, counting may occur
between pulses. Such an implementation may improve ire-
quency counter resolution for small frequencies. For low
frequencies, such as below 10 kHz, 1t may be beneficial to
count time between pulses instead of the number of pulses.
Additionally, a switching algorithm with hysteresis may be
implemented 1n firmware 1n order to decrease the measure-
ment time at low frequencies while keeping the same resolu-
tion.

In another embodiment, a frequency counter uses two com-
parators. Each comparator may have its own reference volt-
age. The second comparator with a high reference voltage can
be used to measure only high amplitude signals. Such an
implementation may make the output of the frequency
counter more clear with certain types of noise, such as LCD
noise and charger noise with complicated noise characteris-
tics.

In one embodiment, a frequency counter may be used as a
noise metric in AFH. It the frequency of external noise has a
narrow bandwidth, the frequency counter data may be used as
a noise metric. In one implementation, a noise frequency to
TX period look up table with pre-calculated optimal opera-
tion frequencies for all possible external noise frequencies 1s
created. As a result, touch scans may be performed at a mini-
mum noise frequency to provide to provide an optimum per-
formance.

Method 1500 may be executed when noise 1s detected,
such as charger noise. Processing logic may use a listening
scan to measure the frequency of the external noise. The
frequency counter may return a frequency number based on
the measured frequency. The frequency number may be con-
verted to a TX period (e.g., the TX period may be a range of
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TX frequencies) by using a look up table (1.e., table). For each
noise frequency, the operational frequency (1.e., OpFreq) for
a touch scan may be chosen from the table. The table may be
built only once. For example, the table may be built during
development. Each look up table element points to the opti-
mal operation TX period for each frequency counter value.

FIG. 16 1s a flowchart of a method 1llustrating auto ire-
quency hopping (AFH) implementing a counter, according to
another embodiment. Method 1600 i1s similar to method
1500, except that method 1600 adds a frequency jitter filter, a
frequency changing check, and Window Hann and median
filter switching.

In one embodiment, method 1600 includes a jitter filter to
remove the frequency counter output toggling between plus 1
and minus 1, and to remove unnecessary frequency hops. The
external noise frequency may change during a touch scan. A
change 1n external noise frequency during a scan may cause
the sensing system (e.g., electronic system 200) to operate at
a less than optimal operational frequency and result 1n addi-
tional touch position jitter. As a result, a special check may be
performed by the frequency jitter filter to detect jitter. In one
embodiment, processing logic checks to see 1f the current
measured frequency 1s equal to the previously measured fre-
quency. It the two frequencies are equal, then the touch posi-
tion (e.g., X- and Y-coordinates) may be assigned to the
variables XProved and YProved. If the two frequencies are
not equal, then the previous touch data may be reported.

FIG. 17 1s a flowchart of a method illustrating the genera-
tion of a look up table, according to one embodiment. FIG. 17
presents two methods, method 1700 and method 1710,
intended to be used together to generate noise frequency to
TX period look up tables. Method 1700 may be performed on
a sensing system, such as electronic system 100 1n FIG. 1 or
clectronic system 200 1n FIG. 2, to collect data. Method 1710
may use the raw data collected 1n method 1700 to compute
values for the look up table. In one embodiment, a computer
system, such as a PC running MatlLab, may be used to calcu-
late the look up table. In another embodiment, a host (e.g.,
host 150) may process the raw data collected 1n method 1700.

In one embodiment, three steps may be performed during
AFH component development to generate the noise 1fre-
quency to TX Period look up table. First, the frequency range
(e.g., TX period) and the number of frequencies to hop may be
selected. Second, the frequency counter data and the raw
noise datamay be collected. Third, the frequency counter data
and the raw noise data may be analyzed to generate the noise
frequency to TX Period look up table.

In one embodiment, 1n order to select the frequency range
and the number of frequencies to hop, the external noise
frequency range may be defined. For example, a test fre-
quency range may be defined for frequencies between 1 kHz
and 500 kHz. The range of frequencies may be wider or
narrower. The number of hop {frequencies may be any num-
ber. For example, two, three, four, or more frequencies may be
used.

In one embodiment, the frequency counter data and the
jtter data 1s collected. For example, the external noise fre-
quency, the frequency counter output, and the raw jitter data
corresponding to operational frequencies (e.g., TX periods)
may be collected at the same time. In method 1700, process-
ing logic measures the external noise frequency. Method
1700 continues where processing logic performs one hundred
touch scans (e.g., touch scan 520). In another embodiment,
the number of touch scans may be more or less than one
hundred scans. Based on the touch data collected from the
touch scans, processing logic calculates the raw noise data.
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These steps may be repeated for all hop frequencies (e.g.,
operational frequencies). The external noise frequency data
and the raw noise data may be sent to a host or external
computer on which method 1710 may be performed.

In one embodiment, method 1710 sets the generator fre-
quency to STARTFREQUENCY. Three full data packets may
be skipped to exclude false readings. The fourth data packet

may be saved to a storage location. I the current generator
frequency, F, does not equal the STOPFREQUENCY, F 1s

increased and the loop repeats. The FREQUENCYSTEP
value may be at least two times smaller than the expected
width between the table entries. For example, FREQUEN-
CYSTEP maybe set to 100 Hz and the look up table may be
generated with 1 kHz steps. The STARTFREQUENCY may
be 500 Hz and the STOPFREQUENCY 500 kHz.

In one embodiment, the measured data 1s analyzed to gen-
crate a noise frequency to TX Period look up table. Look up
table generation may be frequency independent. The look up
table may not depend on internal main oscillator frequency,
and may be used to determine the optimal operation fre-
quency for all frequency counter values.

The processing logic (e.g., processing logic 102) can be
implemented 1n a capacitive touch screen controller. In one
embodiment, the capacitive touch screen controller 1s the
TrueTouch® capacitive touchscreen controllers, such as the
CYBCTMA3xx family of TrueTouch® Multi-Touch All-
Points touchscreen controllers, developed by Cypress Semi-
conductor Corporation of San Jose, Calif. The TrueTouch®
capacitive touchscreen controllers sensing technology to
resolve touch locations of multiple fingers and a stylus on the
touch-screens, supports operating systems, and 1s optimized
for low-power multi-touch gesture and all-point touchscreen
functionality. Alternatively, the touch position calculation
features may be implemented 1n other touchscreen control-
lers, or other touch controllers of touch-sensing devices. In
one embodiment, the touch position calculation features may
be mmplemented with other touch filtering algorithms as
would be appreciated by one of ordinary skill 1n the art having
the benefit of this disclosure.

The embodiments described herein may be used 1n various
designs ol mutual-capacitance sensing systems, 1n seli-ca-
pacitance sensing systems, or combinations of both. In one
embodiment, the capacitance sensing system detects multiple
sense elements that are activated in the array, and can analyze
a signal pattern on the neighboring sense elements to separate
noise from actual signal. The embodiments described herein
are not tied to a particular capacitive sensing solution and can
be used as well with other sensing solutions, including optical
sensing solutions, as would be appreciated by one of ordinary
skill 1n the art having the benefit of this disclosure.

In the above description, numerous details are set forth. It
will be apparent, however, to one of ordinary skill 1n the art
having the benefit of this disclosure, that embodiments of the
present invention may be practiced without these specific
details. In some instances, well-known structures and devices
are shown in block diagram form, rather than i1n detail, 1n
order to avoid obscuring the description.

Some portions of the detailed description are presented in
terms of algorithms and symbolic representations of opera-
tions on data bits within a computer memory. These algorith-
mic descriptions and representations are the means used by
those skilled in the data processing arts to most effectively
convey the substance of their work to others skilled 1n the art.
An algorithm 1s here and generally, concerved to be a seli-
consistent sequence of steps leading to a desired result. The
steps are those requiring physical manipulations of physical
quantities. Usually, though not necessarily, these quantities
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take the form of electrical or magnetic signals capable of
being stored, transierred, combined, compared and otherwise
manipulated. It has proven convenient at times, principally
for reasons of common usage, to refer to these signals as bits,
values, elements, symbols, characters, terms, numbers or the
like.

It should be borne 1n mind, however, that all of these and
similar terms are to be associated with the appropnate physi-
cal quantities and are merely convenient labels applied to
these quantities. Unless specifically stated otherwise as
apparent from the above discussion, 1t 1s appreciated that
throughout the description, discussions utilizing terms such
as “inducing,” “computing,” “receiving,”’ “‘processing,”
“selecting,” or the like, refer to the actions and processes of a
computing system, or similar electronic computing device,
that manipulates and transforms data represented as physical
(e.g., electronic) quantities within the computing system’s
registers and memories mnto other data similarly represented
as physical quantities within the computing system memories
or registers or other such information storage, transmission or
display devices.

The words “example” or “exemplary” are used herein to
mean serving as an example, istance or illustration. Any
aspect or design described herein as “example’ or “exem-
plary” 1s not necessarily to be construed as preferred or
advantageous over other aspects or designs. Rather, use of the
words “example” or “exemplary” 1s intended to present con-
cepts 1n a concrete fashion. As used 1n this application, the
term ““or” 1s intended to mean an 1inclusive “or” rather than an
exclusive “or.”” That 1s, unless specified otherwise, or clear
from context, “X includes A or B” 1s intended to mean any of
the natural inclusive permutations. That 1s, 1T X includes A; X
includes B; or X includes both A and B, then “X 1includes A or
B” 1s satisfied under any of the foregoing instances. In addi-
tion, the articles “a” and “an” as used 1n this application and
the appended claims should generally be construed to mean
“one or more” unless specified otherwise or clear from con-
text to be directed to a singular form. Moreover, use of the
term “an embodiment™ or “one embodiment” or “an 1mple-
mentation” or “one implementation” throughout 1s not
intended to mean the same embodiment or implementation
unless described as such.

Embodiments descried herein may also relate to an appa-
ratus for performing the operations herein. This apparatus
may be specially constructed for the required purposes, or it
may comprise a general-purpose computer selectively acti-
vated or reconfigured by a computer program stored in the
computer. Such a computer program may be stored 1n a non-
transitory computer-readable storage medium, such as, but
not limited to, any type of disk including floppy disks, optical
disks, CD-ROMs and magnetic-optical disks, read-only
memories (ROMs), random access memories (RAMs),
EPROMs, EEPROMSs, magnetic or optical cards, flash
memory, or any type of media suitable for storing electronic
instructions. The term “computer-readable storage medium”™
should be taken to include a single medium or multiple media
(e.g., a centralized or distributed database and/or associated
caches and servers) that store one or more sets of instructions.
The term “computer-readable medium” shall also be taken to
include any medium that 1s capable of storing, encoding or
carrying a set of instructions for execution by the machine and
that causes the machine to perform any one or more of the
methodologies of the present embodiments. The term “com-
puter-readable storage medium™ shall accordingly be taken to
include, but not be limited to, solid-state memories, optical
media, magnetic media, any medium that 1s capable of storing,
a set of instructions for execution by the machine and that
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causes the machine to perform any one or more of the meth-
odologies of the present embodiments.

The algorithms and displays presented herein are not inher-
ently related to any particular computer or other apparatus.
Various general-purpose systems may be used with programs
in accordance with the teachings herein, or 1t may prove
convenient to construct a more specialized apparatus to per-
form the required method steps. The required structure for a
variety of these systems will appear from the description
below. In addition, the present embodiments are not described
with reference to any particular programming language. It
will be appreciated that a variety of programming languages
may be used to implement the teachings of the embodiments
as described herein.

The above description sets forth numerous specific details
such as examples of specific systems, components, methods
and so forth, 1n order to provide a good understanding of
several embodiments of the present invention. It will be
apparent to one skilled 1n the art, however, that at least some
embodiments of the present invention may be practiced with-
out these specific details. In other instances, well-known
components or methods are not described 1n detail or are
presented 1n simple block diagram format 1n order to avoid
unnecessarily obscuring the present invention. Thus, the spe-
cific details set forth above are merely exemplary. Particular
implementations may vary from these exemplary details and
still be contemplated to be within the scope of the present
invention.

It 1s to be understood that the above description 1s intended
to be 1llustrative and not restrictive. Many other embodiments
will be apparent to those of skill in the art upon reading and
understanding the above description. The scope of the inven-
tion should, therefore, be determined with reterence to the

appended claims, along with the full scope of equivalents to
which such claims are entitled.

What 1s claimed 1s:

1. A method comprising;:

performing a listening scan on a sense array to compute an

estimate of a noise metric;
inducing, by a processing device during the listening scan
of the sense array, an injected touch signal, the injected
touch signal induced, at the processing device, indepen-
dent from signals received from the sense array;

measuring, by the processing device, a signal, wherein the
measured signal comprises the injected touch signal and
a second signal originating from the sense array;

converting the measured signal into first data; and

computing the estimate of the noise metric 1n the measured
signal based on the 1njected touch signal, wherein com-
puting the estimate of the noise metric comprises com-
paring the first data and second data corresponding to the
injected touch signal, the second data representing
expected data that would result from a conductive object
proximate to a known location on the sense array during
a touch scan of the sense array.

2. The method of claim 1, wherein the known location
comprises a cell of a plurality of cells of the sense array where
a detected touch proximate the sense array occurs.

3. The method of claim 1, wherein the listening scan 1s
performed independent of a transmitted stimulus signal.

4. The method of claim 1, wherein the performing of the
listening scan comprises measuring the noise metric for a
plurality of frequencies.

5. The method of claim 4, wherein the measuring 1s per-
formed for the plurality of frequencies 1n parallel.

6. The method of claim 1, wherein the inducing comprises
inducing the injected touch internal to a recerving circuit, and
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wherein the data of the injected touch 1s processed in an
equivalent signal path to touch data from a touch proximate
the sense array present during the touch scan of the sense
array.
7. The method of claim 6, wherein a capacitance-sensing,
circuit comprises the receiving circuit.
8. The method of claim 1, further comprising
selecting a stimulus signal from a plurality of stimulus
signals for the touch scan, wherein the touch scan mea-
sures the touch proximate the sense array, and wherein
the selection of the stimulus signal 1s based on the noise
metric, wherein the noise metric 1s indicative of noise
characteristics of noise on the sense array.
9. The method of claim 8, wherein the selected stimulus
signal has a minimum noise response.
10. An apparatus comprising
a processing device, the processing device configured to:
perform a listenming scan on a sense array to compute an
estimate of a noise metric;
induce, during the listening scan of the sense array, an
injected touch signal, the injected touch signal
induced, at the processing device, independent from
signals recerved from the sense array;
measure a signal, wherein the measured signal com-
prises the ijected touch signal and a second signal
originating {from the sense array;
convert the measured signal into first data; and
compute the estimate of the noise metric 1n the measured
signal based on the injected touch signal, wherein
computing the estimate of the noise metric comprises
comparing the first data and second data correspond-
ing to the 1njected touch signal, the second data rep-
resenting expected data that would result from a con-
ductive object proximate to a known location on a the
sense array during a touch scan of the sense array.
11. The apparatus of claim 10, wherein the known location
comprises a cell of a plurality of cells of the sense array where
a detected touch proximate the sense array occurs.
12. The apparatus of claim 10, wherein the listening scan 1s
performed independent of a transmitted stimulus signal.
13. The apparatus of claim 10, wherein the listening scan 1s
performed for a plurality of frequencies.
14. The apparatus of claim 13, wherein the listening scan 1s
performed for a plurality of frequencies 1n parallel.
15. The apparatus of claim 10, wherein the processing
device 1s Turther configured to induce the injected touch inter-
nal to a receiving circuit, and wherein the processing device 1s
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turther to process the data of the injected touch 1n an equiva-
lent signal path to touch data from a touch proximate the sense
array present during the touch scan of the sense array.
16. The apparatus of claim 15, further comprising a capaci-
tance-sensing circuit comprising a receiving circuit.
17. The apparatus of claim 10, wherein the processing
device 1s Turther to select a stimulus signal from a plurality of
stimulus signals for the touch scan, wherein the touch scan
measures the touch proximate the sense array, and wherein
the selection of the stimulus signal 1s based on the noise
metric, wherein the noise metric 1s indicative of noise char-
acteristics of noise on the sense array.
18. The apparatus of claim 17, wherein the selected stimu-
lus signal has a minimum noise response.
19. A system comprising:
a capacitive sense array configured to generate touch data
for a touch detected proximate to the capacitive sense
array, the touch data represented as a plurality of cells;
and
a processing device coupled to the capacitive sense array,
wherein the processing device 1s configured to:
perform a listening scan on the capacitive sense array to
determine an estimate of a noise metric;

induce, during the listening scan of the capacitive sense
array, an injected touch signal, the injected touch sig-
nal induced, at the processing device, independent
from signals received from the capacitive sense array;

measure a signal, wherein the measured signal com-
prises the ijected touch signal and a second signal
originating {rom the capacitive sense array;

convert the measured signal into first data; and

compute the estimate of the noise metric 1n the measured
signal based on the imjected touch signal, wherein
computing the estimate of the noise metric comprises
comparing the first data and second data correspond-
ing to the mjected touch signal, the second data rep-
resenting expected data that would result from a con-
ductive object proximate to a known location on the
capacitive sense array during a touch scan of the
capacitive sense array.

20. The system of claim 19, wherein the processing device
1s Turther to

select a stimulus signal from a plurality of stimulus signals
for the touch scan, wherein the touch scan measures the
touch proximate the sense array, and wherein the selec-
tion of the stimulus signal 1s based on the noise metric.
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